Introduction {#sec1}
============

Current guidelines recommend dual anti-platelet therapy (DAPT) for 6 (in stable coronary artery disease (CAD) after implantation of drug-eluting stents (DES)) to 12 months (in acute coronary syndrome (ACS) independent of treatment strategy) in patients with CAD following percutaneous coronary intervention (PCI) \[[@cit0001]--[@cit0003]\]. However, the optimal duration of DAPT is an ongoing matter of debate \[[@cit0004]\] and distinct patients with high ischemic and low bleeding risk might benefit from extended DAPT \[[@cit0005]\]. Recently, a clinical risk score was introduced to assess the optimal duration of DAPT after PCI \[[@cit0006]\]. Additionally, several biomarkers are currently investigated in order to identify patients who will benefit from prolonged or intensified DAPT.

Atherogenic dyslipidemia, like that seen in diabetes, is characterized as a condition with elevated plasma triglycerides (TG), reduced plasma concentration of high-density lipoprotein cholesterol (HDL-C) and a shift towards small dense low-density lipoprotein (LDL) \[[@cit0007]\]. Epidemiological and clinical studies have shown reduced cardiovascular mortality in patients with high levels of HDL-C, which was considered to exert beneficial effects for many years \[[@cit0008], [@cit0009]\]. This was mainly attributed to its ability of reverse cholesterol transport and to the anti-oxidative, anti-inflammatory and vasodilatory properties of HDL-C \[[@cit0010]\]. However, in a recent Mendelian randomization study conducted in 73,513 participants from three Danish studies genetic variants that only affected HDL-C plasma levels -- as opposed to remnant cholesterol (RC) -- were not related to the development of ischemic events, challenging the causal relationship between HDL-C levels and cardiovascular disease \[[@cit0011]\]. These new data suggest that triglyceride-rich lipoproteins play an active role in the development of CAD, making HDL-C possibly only an innocent bystander of other risk factors \[[@cit0012], [@cit0013]\].

Previous studies, mainly performed in animal models or *ex vivo*, have investigated the association of platelet function and HDL-C \[[@cit0014]\]. High levels of HDL-C were independently associated with decreased *ex vivo* thrombus formation in patients without coronary artery disease \[[@cit0015]\]. Moreover, the administration of reconstituted HDL particles reduced *ex vivo* platelet reactivity in healthy individuals and in diabetic patients \[[@cit0016], [@cit0017]\]. Despite these experimental data, the association of platelet function and HDL-C has never been tested in the clinical setting of modern anti-platelet therapy following PCI with modern drug-eluting stents. Therefore, the aim of the present study was to investigate the relationship of routine lipid parameters and markers of platelet activation in patients with CAD on contemporary DAPT.

Material and methods {#sec2}
====================

Patients {#sec2.1}
--------

Patients with CAD on a DAPT maintenance dose including ASA (100 mg) plus clopidogrel (75 mg OD), or prasugrel (10 mg OD), or ticagrelor (90 mg BID) were prospectively enrolled during a stable phase after coronary artery stent implantation in a single-center study conducted in the out-patient ward of a tertiary center of cardiology. All patients were free from ischemic or bleeding events for at least 6 months and had sinus rhythm. Patients on oral anticoagulation or on other antiplatelet drugs than those mentioned above were deemed ineligible. Each subject gave his/her written informed consent before any study procedure. The study was approved by the local ethics committee and was conducted according to the Declaration of Helsinki.

Blood sampling {#sec2.2}
--------------

Blood samples were drawn from an antecubital vein during a routine outpatient visit 2--4 h after intake of morning medication and were rapidly processed to avoid swelling of platelets in EDTA blood \[[@cit0018]\]. Mean platelet volume (MPV, fl), platelet distribution width (PDW, fl), and the fraction of reticulated thrombocytes (RT) were analyzed by an automated Hematology Analyzer (Sysmex XN-3000, Kobe, Japan). ADP-induced multiple electrode aggregometry (MEA) was determined by the Multiplate analyzer (Roche diagnostics, Basel, Switzerland), as previously described \[[@cit0019]\]. Briefly, the agonist ADP was added to anticoagulated whole blood (hirudin) to a final concentration of 6.4 µmol/l ADP plus 9.4 nmol/l PGE~1~ (ADPtest high sensitivity). Platelet aggregation was continuously recorded for 6 min and quantified as area under the aggregation curve (AUC  =  AU × min) of aggregation units (AU). Remnant cholesterol (RC) was calculated from non-fasting samples via the equation (RC = TC -- HDL-C -- LDL-C) as previously described \[[@cit0020]\].

Statistical analysis {#sec2.3}
--------------------

Baseline characteristics are expressed as frequencies and percentages. The Pearson correlation coefficient was used to explore the strength of association between markers of platelet activation (MPV, PDW, RT, MEA) and routine lipid parameters (HDL-C, LDL-C, TC, TG, RC). Multivariable analysis with step-wise backward elimination of variables using a likelihood ratio test with a *p*-value of 0.05 for entry and a *p*-value of 0.15 for removal was performed to identify independent predictors for each of the four pre-specified markers of platelet reactivity (MPV, PDW, RT, MEA). The following known and identified markers of platelet activation were entered into the model: HDL-C, TC, TG, sex, age, platelet count, high-dose statin intake (as previously defined \[[@cit0021]\]), current smoking, index event (acute coronary syndrome vs. stable CAD), P2Y12 inhibitor (clopidogrel, prasugrel, or ticagrelor), PPI intake, diabetes mellitus, body mass index, and glomerular filtration rate (calculated via the MDRD formula).

Results {#sec3}
=======

A total of 58 patients on DAPT (clopidogrel: *n* = 18, prasugrel: *n* = 17, ticagrelor: *n* = 23) were enrolled between July 2014 and November 2015. Baseline characteristics are shown in [Table I](#t0001){ref-type="table"}. About 28% of patients had undergone coronary stent implantation for stable CAD, whereas the majority of the study population was included after an index event of acute coronary syndrome. Concomitant treatment included β-blockers, ACE inhibitors or angiotensin receptor blockers and statin therapy in more than 70% of patients each.

###### 

Baseline characteristics

  Parameter                                                     Value
  ----------------------------------------- ------------------- ------------
  Age, mean ± SD \[years\]                  62.7 ±11.2          
  Body mass index, mean ± SD \[kg/m²\]      28.7 ±4.6           
  Male sex, % (*n*)                         74.1% (43)          
  P2Y12 inhibitor, % (*n*)                  Clopidogrel         31.0% (18)
  Prasugrel                                 29.3% (17)          
  Ticagrelor                                39.7% (23)          
  Indication for PCI/index event, % (*n*)   Stable CAD          27.6% (16)
  STEMI                                     37.9% (22)          
  NSTEMI                                    31.0% (18)          
  Unstable angina                           3.4% (2)            
  Concomitant diseases, % (*n*)             Diabetes mellitus   31.0% (18)
  Hypertension                              70.7% (41)          
  Hyperlipidemia                            56.9% (33)          
  Current smoking                           32.8% (19)          
  Concomitant medication, % (*n*)           (Any) Statin        82.8% (48)
  High-dose statin                          67.2% (39)          
  ARB/ACE inhibitor                         72.4% (42)          
  β-Blocker                                 82.8% (48)          
  Proton pump inhibitor                     79.3% (46)          

PCI -- percutaneous coronary intervention, CAD -- coronary artery disease, STEMI -- ST-elevation myocardial infarction, NSTEMI -- non-ST-elevation myocardial infarction, ARB -- angiotensin receptor blocker, ACE -- angiotensin-converting enzyme.

A significant inverse correlation was found for HDL-C levels and markers of platelet activation in univariable analysis, as shown in [Figure 1](#f0001){ref-type="fig"}: MPV (*r* = --0.351, *p* = 0.009), PDW (*r* = --0.391, *p* = 0.003), fraction of reticulated thrombocytes (*r* = --0.402, *p* = 0.003) and ADP-induced MEA (*r* = --0.345, *p* = 0.011). Triglycerides (*r* = 0.231, *p* = 0.092) and glycated hemoglobin (HbA~1c~) levels (*r* = 0.314, *p* = 0.024) correlated with reticulated thrombocytes, but not with other markers of platelet function. No association was found between TC, LDL-C, RC and markers of platelet activation ([Table II](#t0002){ref-type="table"}).

###### 

Correlation of lipid parameters, HbA~1c~ and markers of platelet activation

  Parameter                                                       Mean platelet volume   Platelet distribution width   Reticulated thrombocytes   Multiple electrode aggregometry
  ----------------------------------------- --------------------- ---------------------- ----------------------------- -------------------------- ---------------------------------
  Total cholesterol                         Pearson correlation   0.022                  0.065                         --0.009                    --0.104
  *P*-value                                 0.872                 0.632                  0.946                         0.448                      
  HDL cholesterol                           Pearson correlation   --0.351                --0.391                       --0.402                    --0.345
  *P*-value                                 0.009                 0.003                  0.003                         0.011                      
  LDL cholesterol                           Pearson correlation   0.183                  0.191                         0.017                      --0.038
  *P*-value                                 0.191                 0.171                  0.904                         0.789                      
  HDL cholesterol/LDL cholesterol (ratio)   Pearson correlation   --0.299                --0.329                       --0.203                    --0.213
  *P*-value                                 0.03                  0.016                  0.157                         0.133                      
  Triglycerides                             Pearson correlation   0.126                  0.206                         0.231                      0.060
  *P*-value                                 0.352                 0.125                  0.092                         0.666                      
  Remnant cholesterol                       Pearson correlation   --0.099                --0.043                       0.052                      0.059
  *P*-value                                 0.466                 0.751                  0.708                         0.671                      
  HbA~1c~                                   Pearson correlation   0.072                  0.120                         0.314                      0.138
  *P*-value                                 0.600                 0.384                  0.024                         0.325                      

![Correlation of HDL cholesterol, HbA~1c~ and markers of platelet activation. Correlation coefficient (*r*) for different platelet markers (mean platelet volume, platelet distribution width, fraction of reticulated thrombocytes and multiple electrode aggregometry), HDL cholesterol and HbA~1c~. A consistent negative correlation is observed for HDL cholesterol and markers of platelet activation (left column), while only a weak to moderate correlation is found between HbA~1c~ and platelet function (right column)](AMS-15-34568-g001){#f0001}

The MPV (*r* = 0.231, *p* = 0.08) and PDW (*r* = 0.255, *p* = 0.054) exhibited a moderate correlation with body mass index, while a history of diabetes mellitus was associated with higher levels of MPV (10.8 vs. 10.28 fl, *p* = 0.017), PDW (13.18 vs. 11.90 fl, *p* = 0.006), reticulated thrombocytes (4.8% vs. 3.3%, *p* = 0.008), and on-treatment ADP-induced platelet reactivity (MEA: 21.0 vs. 18.3 AU, *p* = 0.273). Markers of platelet activation were not different with respect to a clinical diagnosis of hyperlipidemia.

After adjusting for known and identified confounders of platelet activation and other lipid parameters in a linear regression model using backward elimination, HDL-C levels served as strong and significant predictors of MPV (95% CI: --0.039 to --0.009; *p* = 0.002), PDW (95% CI: --0.094 to --0.034; *p* \< 0.0001), reticulated thrombocytes (95% CI: --0.107 to --0.031; *p* = 0.001) and MEA (95% CI: --0.540 to --0.170; *p* \< 0.0001), while TG, LDL-C, RC and TC were not significantly associated with platelet function ([Table III](#t0003){ref-type="table"}).

###### 

Multivariable regression model

  Dependent variable                Multivariable predictors[\*](#tf3-1){ref-type="table-fn"}   Coefficient (unstandardized)   95% CI               *P*-value
  --------------------------------- ----------------------------------------------------------- ------------------------------ -------------------- -----------
  Mean platelet volume              HDL-C                                                       --0.024                        --0.039 to --0.009   0.002
  Sex                               --0.543                                                     --0.061 to --1.025             0.028                
  Platelet count                    --0.004                                                     --0.001 to --0.008             0.015                
  Platelet distribution width       HDL-C                                                       --0.064                        --0.034 to --0.094   0.00008
  Sex                               --1.068                                                     --0.084 to --2.052             0.034                
  Platelet count                    --0.011                                                     --0.004 to --0.018             0.002                
  Renal function                    --0.017                                                     --0.038 to 0.003               0.091                
  Index event (ACS/SCAD)            0.734                                                       --0.158 to 1.626               0.104                
  Reticulated thrombocytes          HDL-C                                                       --0.069                        --0.031 to --0.107   0.001
  Platelet count                    --0.012                                                     --0.020 to --0.004             0.003                
  P2Y12 inhibitor                   --0.564                                                     --1.272 to 0.144               0.115                
  Diabetes mellitus                 0.989                                                       --0.077 to 2.056               0.068                
  Index event (ACS/SCAD)            1.583                                                       0.220 to 2.945                 0.024                
  Multiple electrode aggregometry   HDL-C                                                       --0.355                        --0.170 to --0.540   0.0003
  Triglycerides                     --0.028                                                     --0.058 to 0.001               0.059                
  P2Y12 inhibitor                   --3.908                                                     --6.646 to --1.169             0.006                
  Renal function                    --0.085                                                     --0.195 to 0.025               0.126                

Multivariable analysis with step-wise backward elimination of variables using a likelihood ratio test with p-value for entry of 0.05 and p-value for removal of 0.15. The following variables were entered into the model: HDL cholesterol (HDL-C), total cholesterol, triglycerides, sex, age, platelet count, high-dose statin intake, current smoking, index event, P2Y12 inhibitor (clopidogrel, prasugrel, ticagrelor), PPI intake, diabetes mellitus, body mass index, glomerular filtration rate. ACS -- acute coronary syndrome, SCAD -- stable coronary artery disease.

Discussion {#sec4}
==========

The present study offers new insights into the interaction of platelet activity and routine markers of dyslipidemia, diabetes and metabolic syndrome in patients with CAD on chronic medication with DAPT by use of aspirin in combination with different P2Y12-receptor inhibitors. As shown, low HDL-C levels were accompanied by higher on-treatment platelet reactivity, while remnant cholesterol as well as TG exhibited a weaker or no correlation at all. Additionally, diabetes and obesity were associated with markers of platelet function. However, after multivariable adjustment only HDL-C levels remained an independent predictor of platelet function.

Recently, Mendelian randomization studies have doubted a causal relationship between genetically low levels of HDL and cardiovascular outcome \[[@cit0022]\]. Nevertheless, HDL remains a well-accepted marker of metabolic control, insulin sensitivity and modifiable cardiovascular risk \[[@cit0013], [@cit0017], [@cit0023], [@cit0024]\]. Notably, in our study, HDL-C was a more accurate predictor of on-treatment platelet function than HbA~1c~ levels, history of diabetes, TG levels or known hyperlipidemia ([Tables II](#t0002){ref-type="table"}, [III](#t0003){ref-type="table"}). Insulin resistance plays a key role in the development of dyslipidemia \[[@cit0007]\] and high on-treatment platelet reactivity was found in patients with diabetes \[[@cit0025], [@cit0026]\]. However, our study indicates that HDL-C is a much stronger predictor of platelet function when compared to HbA~1c~ in patients with CAD on contemporary DAPT. Whether the recommended duration of DAPT after coronary stent implantation is reasonable in patients with diabetes is the subject of recently published and ongoing trials; however, previous studies failed to show a clear benefit of prolonged DAPT in diabetic patients \[[@cit0004], [@cit0005], [@cit0027]\]. In the past, clinical studies evaluating the optimal duration of DAPT focused neither on dyslipidemia as a clinical risk factor nor on HDL-C as a laboratory marker. As these studies did not report HDL-C levels, it remains unclear whether diabetic patients with dyslipidemia (indicated by HDL-C levels), rather than a history of diabetes alone, comprise a population who would benefit from extended DAPT. Moreover, dysfunctional HDL was shown to be involved in the process of atherosclerosis, indicating that HDL functionality should be determined in addition to HDL quantity \[[@cit0028]\]. Future clinical studies investigating the optimal duration of DAPT in patients with CAD should therefore focus on metabolic biomarkers in addition to clinical and angiographic parameters.

Interestingly, in our study, low HDL-C levels were not only linked to increased ADP-mediated platelet activation, but also were associated with markers of platelet turnover, younger, immature and more reactive platelets (reticulated platelets, PDW), and MPV, a general indicator of platelet activation and enzymatic activity \[[@cit0029]\]. Reticulated platelets are newly formed platelets which are larger in size and have higher granule content \[[@cit0030]\]. Larger platelets are metabolically and enzymatically more active, and have greater prothrombotic potential. They are more often reticulated, which is an independent predictor of poor response to dual antiplatelet therapy \[[@cit0018], [@cit0031]\]. On the other hand, high-on-platelet reactivity is a well-established predictor of cardiovascular events and mortality in patients with CAD \[[@cit0032]\].

The MPV was extensively studied as a diagnostic and prognostic tool in ACS \[[@cit0018]\], and furthermore has been proposed as a marker to guide utilization of abciximab in patients with acute MI \[[@cit0033]\]. Analogously, high MPV correlated with increased metabolic risks in our study and was recently shown to decline after glycemic control in diabetes \[[@cit0034]\]. HDL-C therefore possibly indicates the need for intensified antithrombotic treatment in the setting of stable CAD. Moreover, HDL-C levels were associated with platelet function independently of a history of diabetes or glycemic control, as indicated by HbA~1c~ levels. In light of these data, we conclude that HDL-C provides additional information on a patient's thrombotic risk, on top of established clinical parameters. Therefore, HDL-C possibly could serve as a biomarker to identify patients with potential benefits of DAPT prolonged over the currently recommended duration.

There are several limitations to consider: First of all, the study population consists of only 58 patients and was further divided according to the choice of P2Y12 inhibitor. We also did not include a control group of healthy subjects. However, the study cohort is very well balanced in terms of baseline characteristics and patients received optimal contemporary concomitant pharmacological treatment and modern coronary drug-eluting stents. It therefore resembles a relevant, well-treated cohort of CAD patients. Remnant cholesterol was not measured directly, but calculated via a previously verified formula. Similarly, the Friedewald equation was used to assess LDL-C levels, which resembles daily clinical life and makes our results replicable. However, LDL-C levels calculated from non-fasting samples might be of limited value, as some data suggest that the Friedewald equation requires a fasting sample \[[@cit0035]\]. As our study intended to investigate the relationship of routine lipid parameters and platelet activity from a clinical point of view, we did not focus on investigating connections at a pathophysiological level. Finally, our study is based on well-accepted and common markers used in clinical routine, and hence the present results are easily applicable in daily clinical practice.

In conclusion, in contrast to other routine lipid parameters, HDL-C levels inversely correlate with routine and scientific markers of platelet activation in patients with CAD on DAPT. Accordingly, patients with dyslipidemia might benefit from prolonged antiplatelet therapy, which should be addressed in future clinical trials.
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